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International Bureau of the priority document(s) relating to the earlier application(s) indicated below. Unless otherwise 
indicated by an asterisk appearing next to a date of receipt, or by the letters "NR", in the r.ght-hand column the priority 
document concerned was submitted or transmitted to the International Bureau in compliance with Rule 1 7.1(a) or (d). 
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within a time limit which is reasonable under the circumstances. 

The letters "NR" appearing in the right-hand column denote a priority document which was not received by the International 
Bureau or 
as providi 

up^ntntryTnt'othe nationaT phase, to'fumishthe priority document within a time limit which is reasonable under the 
circumstances. 



Priority date 

29 May 1998 (29.05.98) 
05 Octo 1998 (05.10.98) 
05 Octo 1998 (05.10.98) 
25 Dece 1998 (25.12.98) 



Priority application No. 

10/149041 
10/282689 
10/282690 
10/371607 



Country or regional Office 
or PCT receiving Office 

JP 
JP 
JP 
JP 



Date of receipt 
pf priority document 

09 July 1999 (09.07.99) 
09 July 1999 (09.07.99) 
09 July 1999 (09.07.99) 
09 July 1999 (09.07.99) 





Authorized officer 


The International Bureau of WIPO 


Carlos Naranjo ^jU^I 


34, chemin des Colombettes 


1211 Geneva 20, Switzerland 




Facsimile No. (41-22) 740.14.35 


Telephone No. (41-22)338.83.38 



Form PCT/IB/304 (July 1998) 



THIS PAGE BLANK (uspto) 




• 



NT COOPERATION TREA 

From the INTERNATIONAL BUREAU 



WO 99/62370 
PCT/JP99/02690 



PCT 



NOTICE INFORMING THE APPLICANT OF THE 
COMMUNICATION OF THE INTERNATIONAL 
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(PCT Rule 47.1 (c), first sentence) 
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To: 



HATORI, Osamu 

Akasaka HKN Building, 6th floor 

8-6, Akasaka 1-chome 

Minato-ku 

Tokyo 107-0052 

JAPON 



Applicant's or agent's file reference 
P98-084 


IMPORTANT NOTICE 


International application No. 

PCT/JP99/02690 


International filing date (day/month/year) 
21 May 1999(21.05.99) 


Priority date (day/month/year) 
29 May 1998 (29.05.98) 


Applicant 

KAO CORPORATION et a I 



Notice is hereby given that the International Bureau has communicated, as provided in Article 20, the international application 
to the following designated Offices on the date indicated above as the date of mailing of this Notice: 

EP,US 



In accordance with Rule 47.1 (c), third sentence, those Offices will accept the present Notice as conclusive evidence that 
the communication of the international application has duly taken place on the date of mailing indicated above and no copy 
of the international application is required to be furnished by the applicant to the designated Office(s). 

2. The following designated Offices have waived the requirement for such a communication at this time: 
None 



The communication will be made to those Offices only upon their request. Furthermore, those Offices do not require the 
applicant to furnish a copy of the international application (Rule 49.1(a-bis)). 

3. Enclosed with this Notice is a copy of the international application as published by the International Bureau on 
09 December 1999 (09.12.99) under No. WO 99/62370 



REMINDER REGARDING CHAPTER II (Article 31{2)(a) and Rule 54.2) 

If the applicant wishes to postpone entry into the national phase until 30 months (or later in some Offices) from the priority 
date, a demand for international preliminary examination must be filed with the competent International Preliminary 
Examining Authority before the expiration of 19 months from the priority date. 

It is the applicant's sole responsibility to monitor the 19-month time limit. 

Note that only an applicant who is a national or resident of a PCT Contracting State which is bound by Chapter II has the 
right to file a demand for international preliminary examination. 



REMINDER REGARDING ENTRY INTO THE NATIONAL PHASE (Article 22 or 39(1)) 

If the applicant wishes to proceed with the international application in the national phase, he must, within 20 months 
or 30 months, or later in some Offices, perform the acts referred to therein before each designated or elected Office. 

For further important information on the time limits and acts to be performed for entering the national phase, see the 
_Annexjo_Eorm_PCT/IB/30.1 (Notification.of Receipt of-Record Copy) and Volume II of the PCT Applicant's Guides 





Authorized officer 




The International Bureau f WIPO 




34, chemin des Colombettes 


J. Zahra 




121 1 Geneva 20, Switzerland 






Facsimile No. (41-22) 740.14.35 


Telephone No. (41-22) 338.83.38 




Form PCT/IB/308 (July 1996) 




2993069 



PAGE BLANK 



(USPTO) 



EO/US 
PCT/JP99/02690 

PATENT COOPERATION TREATY 



From the INTERNATIONAL BUREAU 



PCT 

NOTIFICATION OF ELECTION 
(PCT Rule 61.2) 


To: 

Assistant Commissioner for Patents 
United States Patent and Trademark 
Office 
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Wa^hinaton D C 202*31 
ETATS-UNIS D'AMERIQUE 
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Date of mailing: 

09 December 1999 (09.12.99) 




International application No.: 

PCT/JP99/02690 


Applicant's or agent's file reference: 
P98-084 


International filing date: 

21 May 1999 (21.05.99) 


Priority date: 

29 May 1998 (29.05.98) 


Applicant: 

OTSUJI, Kazuya et al 



1. The designated Office is hereby notified of its election made: 

| X| in the demand filed with the International preliminary Examining Authority on: 

02 July 1999 (02.07.99) 



| | in a noticeeffecting later election filed with the International Bureau on: 



2. The election | X | was 

□ 



was not 



made before the expiration of 19 months from the priority date or, where Rule 32 applies, within the time limit under 
Rule 32.2(b). 
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FOR FURTHER ACTION Examination Report (Form PC T/IPE A/4 1 6) 


International application No. 


International filing date (day/month/year) 


Priority date (day/month/year) 


PCT/JP99/02690 


21 May 1999 (21.05.99) 


29 May 1998 (29.05.98) 


International Patent Classification (IPC) or national classification and IPC 




A46B 5/04 






Applicant 


KAO CORPORATION 





1 . This international preliminary examination report has been prepared by this International Preliminary Examining Authority 
and is transmitted to the applicant according to Article 36. 



This REPORT consists of a total of 



. sheets, including this cover sheet. 



I I This report is also accompanied by ANNEXES, i.e., sheets of the description, claims and/or drawings which have been 
' — ' amended and are the basis for this report and/or sheets containing rectifications made before this Authority (see Rule 
70. 1 6 and Section 607 of the Administrative Instructions under the PCT). 



These annexes consist of a total of 



sheets. 



3. This report contains indications relating to the following items: 
Basis of the report 
Priority 

Non-establishment of opinion with regard to novelty, inventive step and industrial applicability 
Lack of unity of invention 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

Certain documents cited 

Certain defects in the international application 

Certain observations on the international application 



I 


I2SI 


II 


□ 


III 


□ 


IV 


□ 


V 




VI 


□ 


VII 


□ 


VIII 


□ 



Date of submission of the demand 


Date of completion of this report 


' 02 July 1999(02.07.99) 


24 September 1999 (24.09.1999) 


Name and mailing address of the IPEA/JP 
Facsimile No. 


Authorized officer 
Telephone No. 
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INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



International application No. 

PCT/JP99/02690 



I. Basis of the report 



1. With regard to the elements of the international application:* 
the international application as originally filed 

| 1 the description: 

pages 

pages 

pages 



, as originally filed 



, filed with the demand 



, filed with the letter of 



□ 



the claims: 

pages 

pages 

pages 

pages 



, as originally filed 

, as amended (together with any statement under Article 19 

, filed with the demand 



filed with the letter of 



□ 



the drawings: 

pages 

pages 

pages 



, as originally filed 
, filed with the demand 



_ , filed with the letter of 



| | the sequence listing part of the description: 

pages 

pages 

pages 



, as originally filed 

filed with the demand 



filed with the letter of 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the language in which 
the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language which is: 

1 I the language of a translation furnished for the purposes of international search (under Rule 23. 1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

the language of the translation furnished for the purposes of international preliminary examination (under Rule 55.2 and/ 
or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international 
preliminary examination was carried out on the basis of the sequence listing: 

contained in the international application in written form. 

filed together with the international application in computer readable form. 

furnished subsequently to this Authority in written form. 

furnished subsequently to this Authority in computer readable form. 

The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

The statement that the information recorded in computer readable form is identical to the written sequence listing has 
been furnished. 



□ 
□ 
□ 
□ 
□ 

□ 
□ 



The amendments have resulted in the cancellation of: 

□ 

the description, pages 

the claims, Nos. 

I I the drawings, sheets/fig 



^ I I This report has been established as if (some of) the amendments had not been made, since they have been considered to go 
1 — ' beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(c)).** 

* Replacement sheets which have been furnished to the receiving Office in response to an invitation under Article 14 are referred to 
in this report as " originally filed" and are not annexed to this report since they do not contain amendments (Rule 70,16 
and 70.17). 

** Any replacement sheet containing such amendments must be referred to under item J and annexed to this report. 
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International application No. 
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V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 



1 . Statement 



Novelty (N) Claims 



1-10 YES 



Claims NO 



Inventive step (IS) Claims 



6-10 YES 



Claims 1-5 NO 



Industrial applicability (1A) Claims 



1-10 YES 



Claims NO 



2. Citations and explanations 

1. Document 5 (JP, 63-115333, U (Sgtiho Freizu KK) , July 
25, 1988 (25.07.88) (Family: none) ' "** " 

ifn tK^ light of the design disclosed in Document 5, 
the invention described in Claim 1 can be considered to 
follow plainly and logically from the prior art, and thus 
does not involve the exercise of skill beyond that to be 
expected of a person skilled in the art. 

2. Suitable selection of the maximum compression load 
of brush projections, the height of the brush projections 
and the radius of curvature of the tip of the brush 
projections was common practice in the brush field prior 
to the present application, and applying this common 
practice prior to the present application to the design 
disclosed in Document 5 and selecting a suitable maximum 
compression load of brush projections, height of the brush 
projects and radius of curvature of the tip of the brush 
projections to give the invention as described in Claims 
2-4 follows plainly and logically from the prior art and 

thus does ~not"invo~l ve"the^exerci~se ~of -skrlrl- beyond "that - to- 
be expected of a person skilled in the art. 

3. The pulp moulding technique was known within the 
pulp moulding field prior to the present application (see 
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International application No. 
PCT/JP 99/02690 



Documents 3 and 4 cited in the international search 
report) , and therefore the invention as described in Claim 
5 merely involves the application of common practice 
before present application and art known prior to the 
present application within the design disclosed in 
Document 5, and therefore follows plainly and logically 
from the prior art, that is, it is something which does 
not involve the exercise of skill beyond that to be 
expected of a person skilled in the art. 

4. The invention as described in Claims 6-10 is not 
disclosed in any of the documents cited in the 
international search report, and would not be obvious to a 
person skilled in the art. 

Moreover, the invention as described in Claims 6-10 
goes beyond the normal progress of technology having 
regard to the art known at the relevant date of these 
claims . 
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We recently reported the new concept of temperature- 
responsive liquid chromatography using temperature- 
responsive poly(2V-isopropylaciyiamide)-modified sur- 
faces as high-performance liquid chromatography media 
with aqueous mobile phases. Incorporation of hydropho- 
bic sites is an important factor to improve the efficacy 
(selectivity and retention) of temperature-responsive chro- 
matography. Toward this goal, we have synthesized 
semhelechelic copolymers of iV-isopropyiacryiamide (IP- 
AAm) and butyl methacrylate (BMA) having reactive 
terminal functional groups using telomerization. The 
lower critical solution temperatures of die copolymers 
shift to lower temperatures with increasing hydrophobic 
BMA content in the poly(IPAAnw?o-BMA) relative to that 
of the IPAAm homopolymer. This temperature-respon- 
sive semitelechelic copolymer was grafted to the surface 
of (aminopropyi)silica through the reaction of activated 
ester-amine coupling. The polymer-modified silica was 
used as a column packing material. Separation of a 
mixture of five steroids having various hydrophobicities 
was investigated. Retention of steroids on poly(IPAAm- 
co-BMA)-modified columns is increased with an increase 
in column temperature. The capacity factors for steroids 
on the copolymer-modified silica beads was much larger 
than that on homopolymer PIPAAm-modified columns. 
The capacity factor for testosterone at 50 °C was 33.8 for 
poly(IPAAm-co-BMA) containing 5 mol % BMA, while that 
for the PIPAAm homopolymer was 15.0 at the same 
temperature. The influence of column temperature on 
steroid retention behavior on copolymer-modified station- 
ary phases was significant compared with the case of 
homopotymer-modified columns. Furthermore* retention 
times for steroids increased remarkably with increasing 
BMA composition. The temperature-responsive elution 
behavior for the steroids was strongly affected by the 
hydrophobicity of the grafted polymer chains on silica 
^surfaces. Possible protein separatipn injtemperature- _ 
responsive liquid chromatography was explored using 
insulin chains A and B, and /^-endorphin fragment 1 -27. 
On 0Bc-3.2-modified silica column, these three peptides 
were successfully separated at 30 °C with 0.5 M NaCl 
aqueous solution (pH 2.1) as m bile phase. The reten- 
tion times of these peptides were related to the number 

S0003-2700(96)01 024-4 CCC: $14.00 © 1997 American Chemical Society 



of hydrophobic amino acid residues in the peptides. In 
the proposed chromatography system, elution of target 
substances is controlled only by a small change in column 
temperature without any further modification of the aque- 
ous mobile phase. 

PolyyV-isopropylacrylamide) (PIPAAm) exhibits thermally 
reversible soluble-insoluble changes in response to temperature 
changes across a lower critical solution temperature (LCST) at 
32 'C in aqueous solution. 1 Polymer chains of IPAAm show an 
expanded conformation in water below the LCST due to strong 
hydration and change to compact forms above the LCST by 
sudden dehydration. PIPAAm hydrogels have been utilized for 
drug delivery systems, 2 ~ 4 and cell culture substrata. 5 " 7 PIPAAm 
has also been utilized in thermoresponsive bioconjugates, 8-13 
which can be applied in reversible bioreactor systems. Porous 
glass-based 14 and polymer-based 15 - 16 column packing materials 
modified with PIPAAm have been used for temperature-dependent 
pore size control in size exclusion chromatography, but only slight 
changes in solute retention were observed on these columns. 
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We previously demonstrated that ^^fcsible temperature - 
sensitive surface wettability changes ^^^hieved on PIPAAm 
terminally grafted surfaces using rapid changes in grafted polymer 
conformation. 17 PIPAAm-grafted surfaces are hydrophilic at lower 
temperatures; as temperature increases, sudden and dramatic 
water contact angle increases are observed, indicating increasingly 
hydrophobic surface properties. Temperature-responsive surface 
property changes for terminally grafted polymer surfaces were 
more rapid and significant than that seen for multipoint-grafted 
PIPAAm surfaces. 17 These differences were related to differences 
in conformational restrictions in PIPAAm graft chains 131718 grafted 
by different methods that influence polymer dehydration dynam- 
ics. 

Recently, we proposed a new concept of temperature- 
responsive liquid chromatography using PDPAAm-modified silica 
as a column packing material. 19 This system would be highly 
useful to control the function and properties of the stationary phase 
for HPLC by changing aqueous mobile phase temperature. An 
important feature is that hydrophilic-hydrophobic property 
changes for the stationary phase surfaces respond to external 
temperature changes. Therefore, solute interactions with the 
stationary phase surface can be altered by changing temperature 
of the aqueous mobile phase. The driving force for retention in 
this system should be hydrophobic interactions between solute 
molecules and grafted polymer chains on the stationary phase 
surface. 

To enhance the selectivity and retention in temperature- 
responsive liquid chromatography, it would be desirable to 
modulate wide ranges of hydrophilicity and hydrophobicity of 
stimuli-responsive stationary phase using temperature. In par- 
ticular, it may be effective to introduce hydrophobic sites into the 
hydrophilic PIPAAm chains to improve the efficacy of the 
temperature-responsive liquid chromatography system. Generally, 
the PIPAAm LCST decreases with increasing polymer hydropho- 
bicity, 20 which enhances the dehydration of polymer chains in 
aqueous media. To realize this experimentally, carboxyl semi- 
telechelic copolymers of IPAAm with butyl methacrylate (BMA) 
as a hydrophobic comonomer were synthesized by radical telom- 
erization using 3-mercaptopropionic acid as telogen. 21 We also 
reported that the LCST values in PIPAAm copolymers bearing 
carboxyl end groups is controllable over the range of 25-45 °C 
with hydrophilic and hydrophobic comonomers. 21 It is difficult 
t control hydrophobic interactions between PIPAAm and hydro- 
phobic solutes below the PIPAAm LCST. However, IPAAm 
copolymers with BMA increase the aggregation forces of PIPAAm 
chains at the LCST. This increased aggregation force for poly- 
(IP AAm-coB MA) suggests the possibility of modulating hydro- 
phobic interaction of polymer grafted on silica with eluents even 
below the polymer LCST. 

In the present paper, we prepared poly(IPAAm-c0-BMA)- 
modified silica as column' packing materials to modulate hydro- 
phobic interaction of hydrophobic steroids with polymer-modified 

(17) Takei, Y. G.; Aoki, T.; Sanui, K.: Ogata, N.; Sakurai, Y.; Okano. T. 
Macromolecules 1994, 27, 6163-6166. 
— (18) Yoshida,-R.;-Uchida,-"K.;-Kaneko r Y-; Sakai. IGr Kikuchir A^Sakurai— Y.i — 
Okano, T. Nature 1995. 374, 240-242. 

(19) Kanazawa, H.: Yamamoto, K.; Matsushima, Y: Takai. N.; Kikuchi, A.; Sakurai, 
Y.; Okano, T. Anal Chem. 1995, 68, 100-105. 

(20) Taylor. U D.; Cerankowski, U D.J. Polym. Set., Polym. Chem. 1975, 13, 
2551-2570. * x 

(21) Takei, Y. G.; Aoki, T.; Sanui, K.; Ogata, N.; Okano, T.; Sakurai, Y. 
Bioconjugate Chem. 1993, 4, 341-346. 



stationary phases e>^^A lower temperature. In this paper, we 
succeeded in enhantS^the separation efficacy of hydrophobic 
substances using temperature-responsive liquid chromatography 
over a wide temperature range (5-50 °C). Possible application 
of this temperature-responsive liquid chromatography systems was 
explored for peptide separation using aqueous mobile phase. 

EXPERIMENTAL SECTI N 

Materials. All procedures for reagent purification and polymer 
systheses were performed in a ventilated draft chamber to avoid 
inhaling toxic materials. 

//-Isopropylacrylamide (IPAAm; Kodak, Rochester, NY) was 
purified by recrystallization from a toluene-hexane mixture and 
dried at room temperature in vacuo. BMA obtained from Wako 
Pure Chemicals (Osaka, Japan) was distilled under reduced 
pressure and the fraction boiling at 61 °C (5 mmHg) was used. 
3-Mercaptopropionic acid (MPA; Wako Pure Chemicals) was 
distilled under reduced pressure and the fraction boiling at 95 °C 
(5 mmHg) was used. 2,2'-Azobisisobutyronitrile (AIBN), NJV- 
dimethylformamide (DMF), ethyl acetate (EtOAc), and dioxane 
were obtained from Wako Pure Chemicals and purified by 
conventional methods. TV^-Dicydohexylcarbodnmide (DCC) and 
^hydroxysuccinirnide (SuOH) were purchased from Wako Pure 
Chemicals. (Aminopropyl) silica (averaged diameter of 5 /im, pore 
size 120 A) was purchased from Nishio Kogyo fTokyo, Japan). 
Sulfosucciriimidyl40-(4,4'-dimemoxyu^ (s-SDTB) was 

obtained from Fierce (Rockford, IL). Hydrocortisone and hydro- 
cortisone acetate were purchased from Wako Pure Chemicals. 
Prednisolone, dexamethasone, testosterone, bovine insulin chain 
A (oxidized) (Gly-Ile-Val-Glu-Gln-CysSOrCysSOrAla-Ser-Val. 
CysSOrSer-Leu-TVK^^ human ^en- 

dorphin fragment 1-27 (IVr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser- 
Gln-Thr-Pro-Leu-VaLThr-Leu-^^ 

IVr), and bovine insulin chain B (oxidized) (Phe-VakAsn-Gln-His- 
I^u<3ysSOrGly-Ser-ms-Leu-V^ 

Gly-Glu-Arg-Gly-Phe-Phe-TVr-Thr-Pro-Lys-Ala) were from Sigma 
Chemicals (St Louis, MO). 

Milli-Q grade water was used for preparation of sample 
solutions. Other reagents and solvents were commercially 
obtained and used without further purification. 

Copolymerization Procedure. Semitelechelic IPAAm co- 
polymers were prepared by radical telomerization of IPAAm and 
BMA in DMF using MPA as telogen, as reported in previous 
papers. 21 - 22 Typical procedures were as follows: IPAAm (0.22 moQ 
and BMA (2.2 mmoD were dissolved in DMF (50 mL). AIBN 
(0.88 mmol) and MPA (6.25 mmol) were used as an initiator and 
a chain transfer agent, respectively. The reaction mixture was 
degassed by subjecting to freeze-thaw cycles, and the ampule 
containing the monomer solution was sealed under reduced 
pressure. Trie reaction proceeded at 70 °C for 5 h. After the 
reaction solution was concentrated by evaporation, the reactant 
was poured into diethyl ether to precipitate the polymers. The 
polymer was further purified by repeated precipitation from 
tetrahydrofuran (THF) into diethyl ether. The molecular weight 
pf_the poJymers_was detenninedjby end group ti tration wit h 
standardized 0.01 M NaOH using phenolphthalein as an indicator. 
Proton NMR spectra were recorded for CDCU solutions of the 
copolymers on a spectrometer operating at 500 MHz frequency 

(22) Takei, Y. G.; Aoki, T; Sanui, K.; Ogata, N.; Okano, T.; Sakurai, Y. 
Bioconjugate Chem. 1993. 4 t 42-46. 
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(JMN-A500, JEOL, Tokyo, Japan) to determine ti^^polymer 
composition. Copolymer was abbreviated as l^^^where I 

represents IPAAm, B is BMA, c denotes the terminal carboxyl 
end, and X is the BMA content in the copolymer in mole percent 
determined from NMR analysis. 

Transmittance Measurements. LCSTs of IPAAm copoly- 
mers were determined by measuring the optical transmittance of 
copolymer aqueous solutions. 22 The optical transmittance of the 
copolymer solution (5 mg/mL) at various temperatures was 
measured at 500 nm using a UV/visible spectrophotometer (UV- 
240, Shimadzu, Kyoto, Japan). The temperature of the observation 
cell was controlled by a Lauda RCS20D water bath with a 
deviation of ±0.02 °C. LCST values for each copolymer was 
defined as the temperature where 50% optical transmittance of 
copolymer aqueous solutions was observed. Cloud points for 
copolymers was measured on a CPM-100 (Asahi Instrument 
Industry, Tokyo, Japan). Rates of heating and cooling for the 
sample cells were adjusted to 1 °C/min, and cloud points were 
measured at 600 nm. 

Modification of (Aminopropyi)silica with IBc Copolymers. 
Modification of (aminopropyl) silica with IPAAm copolymers by 
activated ester-amine coupling was carried out via the same 
procedure as described in the previous reports. 14 * 19 Briefly, 
terminal carboxyl groups on the IBc copolymers were activated 
with SuOH using DCC in EtOAc at 4 °C for 2 h, followed at 25 °C 
for 12 h. After the removal of precipitated /-/JV-dicyclohexylurea 
(DCU) by filtration, activated IBc was recovered from dry diethyl 
ether. The succinimidyl group at the chain end was identified 
by IR spectrum at 1780 cm" 1 and an ultraviolet absorption at 260 
nm in NH4OH. 23 

To modify (aminopropyl) silica using active esterified IBc, 3 g 
of (aminopropyl) silica was mixed to IBc in dioxane solution (1.5 
g/50 mL) and stirred overnight at 25 °C. This procedure was 
repeated three times, and the resulting copolymer-modified silica 
was washed with 500 mL of methanol, 1000 mL of distilled water, 
and 500 mL of Milli-Q grade water, consecutively. EBc-modified 
silica beads were then dried under vacuum. Under this modifica- 
tion process, 65—75% of amino groups on silica (180 /*mol/g of 
silica) were reacted with IBc copolymers as estimated by using 
s-SDTB. 24 

Temperature-Responsive Elution Analyses for Steroids. 
The polymer-grafted silica support was packed into a stainless- 
steel column (150 mm x 4.6 mm i.d.). The column was connected 
to an HPLC system (Hitachi Model L6200 intelligent pump, L4000 
UV monitor, D-2500 data processor). A mixture of the steroids 
in water was used to produce the chromatograms. The concen- 
tration of each steroid was as follows: 101 t*g/mL for hydrocor- 
tisone, 7 /ig/mL for hydrocortisone acetate, 166 /ig/mL for 
prednisolone, 61 ^g/mL for dexamethasone, 27 fig/mL for 
testosterone, and 13 ftg/mL for benzene. For temperature- 
responsive peptide elution analyses, the mixture of 1 mg/mL of 
each peptide was used. Analyses of mixed solutions were 
performed on temperature-responsive polymer-modified silica 
packed columns using Milli-Q water as a mobile phase. Elution 
behavior for the steroids was monitored at 254 nm at a flow rate 
of 1.0 mL/min at various temperatures thermostated with a water 
bath (Lauda RCS-20D) within a deviation of ±0.02 °C. 

(23) Miron, T.: Wilchek, M. Anal. Oiem. 1982. 126, 433-435. 

(24) Gaur, R. K.; Gupta. K. C. AnaL Biochem. 1989, 180. 253-258. 
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Figure 1. Structure of poly(IPAAm-co-BMA) copolymer (IBc-X). 

Table 1. Analysis of Poly(IPAAm-co-BMA) (IBc-X) 
Copolymers Having a Semitelechelic Carboxyl Group 
Functionality 

mole fraction 





of BMA (mol %) 




LCSTP 


cloud point? 


code 


in feed 


obsd° 


mol wt* 


(°C) 


(°C) 


IBc-0 (PIPAAm) 


0 


0 


4300 


32 


32.0 


IBc-0.6 


1.0 


0.6 


6300 


30 


29.9 


IBc-1.9 


3.0 


1.9 


6700 


23 


26.5 


IBc-3.2 


5.0 


3.2 


6300 


20 


24.6 



a Determined by *H NMR analyses. * Number-averaged molecular 
weight determined by end group titration. c LCST determined by 
transmittance measurement at 500 nm. d Cloud point measured on 
CPM-10 with a heating rate of 1 °C/min. 



Capacity factors, k' t for each steroid at a given temperature 
were determined using the following equation: 



= Cr - *o)/'o 



where to is the retention time (in min) of deuterium oxide (D2O) 
and /r is the retention time for substances. 

RESULTS AND DISCUSSION 

Characterization of IPAAm Copolymers and Their Solu- 
bility Changes in Water. Poly(IPAAm-a?-BMA) (IBc) copoly- 
mers with smgle-terminal carboxyl groups of different composi- 
tions were synthesized by radical telomerization using MPA as a 
chain transfer agent (telogen) at 70 °C in DMF. Figure 1 shows 
the structure of semitelechelic IBc copolymers. IBc composition 
was determined from l H NMR spectra in CDCI3 solutions. 21 The 
mole fraction of BMA in IBc was calculated by comparing the 
peak area of the singlet at 0.90 ppm arising from terminal methyl 
protons of the butyl side chains with the area of the singlet at 
4.01 ppm, attributed to the resonance of the methine proton from 
isopropyl groups. Table 1 summarizes the results of the copolym- 
erization of EPAAm with BMA 

Figure 2 shows the temperature-dependent optical transmit- 
tance changes for IBc copolymers at 0.5 wt % aqueous solutions 
with various BMA compositions. LCST values for IBc copolymers 
are also indicated in Table 1. The LCST values for IPAAm 
polymers with carboxyl end groups can be regulated by the 
amount of hydrophobic comonomer, BMA IBc copolymers all 
showed lower LCSTs than that for homogeneous PIPAAm. 
PIPAAm exhibits its LCST at 32 °C, while LCSTs shift from 32 to 
20 °C with increase in the mole fraction of BMA over-a range of- 
0.6—3.2 mol % in the copolymer. Although distinct LCSTs are 
observed for all IBc copolymers, the transitions become less sharp 
for the copolymer with higher BMA content As BMA content 
in the copolymer increases, hydrophobic BMA molecules interrupt 
the IPAAm sequences, disrupting any segmental cooperative 
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Temperature (°C) 

Figure 2. Temperature-dependent optical transmittance changes 
for IPAAm (co)polymer solutions with various BMA compositions: (x), 
PIPAAm; (O), IBc-0.6; (a), IBc-1.9; (□), IBc-3.2. 

effects in temperature-dependent dehydration upon temperature 
increase. This affects the decreased temperature sensitivity with 
increasing BMA composition in IBc copolymers. To obtain 
IPAAm copolymers with rapid temperature responses, we chose 
copolymers with less than 5 mol % BMA. 

Temperature-Responsive Chromatography for Hydropho- 
bic Steroids. In an attempt to introduce hydrophobic sites into 
PIPAAm-modified supports, poly(IPAArrw:oBMA)-grafted silica 
was prepared and packed into columns. The immobilization 
reaction involved amide bond formation between the carboxyl end 
group in IBc copolymers and surface amino groups on the 
(aminopropyl) silica support using an activated ester— amine 
coupling reaction. This immobilization strategy is the same as 
reported previously. 14 ' 19 

Temperature-responsive elution behavior was monitored by 
absorption at 254 nm using steroids with different hydrophobic 
properties in an aqueous mobile phase. We have reported that 
hydrophobic interactions between steroids and temperature- 
responsive surfaces is modulated by temperature due to hydro- 
phiHc-hydrophobic alterations of the solid surface. 19 Retention 
of steroids on PIPAAm-modified stationary phases is remarkably 
increased as the column temperature is raised. For the copolymer- 
modified silica support, the column temperature also influenced 
the retention of steroids. Figures 3—5 show chromatograms of 
the steroids on IBc-modified columns with different BMA com- 
positions at 5, 30, and 50 °C, respectively. An increase in column 
temperature results in retarded retention times for steroids on 
IBc-modified columns as compared to the chromatograms shown 
in Figures 3—5. BMA content in IBc copolymers also affected 
steroid retention time, and longer steroid retention times were 
observed on IBc columns with higher BMA content at any given 
temperature. At 5 °C, where all copolymer modifiers exist in 
expanded conformations, sufficient resolution of steroids was not 
achievedlm IBc-modified columns, Tespecially for ffioO~(PIPAAfn) 
and IBc-0.6 (four types of steroids are not resolved). With 
increasing BMA content in the copolymer, however, sharp peaks 
are observed on IBc-3.2 (Figure 3D). As temperature is increased 
to 30 °C, baseline resolution of steroi&s was achieved for all IBc 
copolymer modified columns (Figure 4B— D), while steroids are 
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Figure 3. Chromatograms of the steroids on (A) PIPAAm-, (B) IBc- 
0.6-. (C) IBc-1 .9-, and (D) IBc-3.2-modified HPLC columns at 5 °C 
with Milli-Q water as a mobile phase. Peaks (1) benzene, (2) 
hydrocortisone, (3) prednisolone, (4) dexamethasone, (5) hydrocor- 
tisone acetate^nd (6) testosterone. 



not completely resolved on the IBc-0 (pure PIPAAm) column 
(Figure 4A). With reference to the LCST of PIPAAm (Figure 2 
and Table 1), PIPAAm-modified surface should be hydrophilic at 
30 °C; this might be a reason for poor resolution of steroids on 
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Figure 4. Chromatograms of the steroids on (A) PIPAAm-. <B) IBc- 
0.6-, (C) IBc-1.9-, and (D) IBc-3.2-modified HPLC columns at 30 °C 
with Miili-Q water as a mobile phase. Peak numbers in the figure are 
the same as in Figure 3. 



PIPAAm column at 30 °C. At 50 °C, the baseline resolution for 
the steroid separation was achieved for all polymer- modified 
columns including PIPAAm, with larger retention of steroids 
observed on columns with higher BMA content 

Table 2 summarizes the capacity factors, k' t for steroids on 
IBc copolymer-modified columns at various temperatures. The 
W values for each steroid were higher on IBc columns when 
compared with those on PIPAAm (IBc-0) at each temperature, 
except IBc-0.6 at 5 °C. As BMA content in the IBc copolymer 
increased from 0.6 to 3.2 mol %, capacity factor values for steroids 
dramatically increased at a given temperature. For example, k' 
values for testosterone at 5 °C were 2.45 for IBc-0.6 and 7.81 for 
IBc-3.2 and increased from 18.5 to 33.8 with increasing BMA 
content ffomO.6 to 3:2 mol % m thecopplymer at 50 °6r~It should 
be noted that retention behavior of steroids could be altered on 
surfaces with only 0.6 mol % hydrophobic BMA in the copolymer. 

Figure 6 shows the temperature-dependent capacity factor 
changes for steroids on the IBc-3.2 column. \t is apparent from 
this figure that the capacity factors for steroids greatly increase 
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Figure 5. Chromatograms of the steroids on (A) PIPAAm-, (B) IBc- 
0.6-, (C) IBc-1.9-, and (D) IBc-3.2-modified HPLC columns at 50 °C 
with Milli-Q water as a mobile phase. Peak numbers in the figure are 
the same as in Figure 3. 



with increasing temperature. In our previous paper, 19 we showed 
that the capacity factors for steroids significantly increased above 
the PIPAAm transition temperature. This was the same case for 
IBc-3.2. It is explained by the increased hydrophobic interaction 
between hydrophobic steroids and hydrophobized surfaces of IBc- 
3.2 due to the dehydration of IBc-3.2 molecules above this 
transition temperature. As can be seen in Figure 6, increased 
capacity factors for steroids on IBc-3.2 are observed even below 
20 °C, below which the IBc-3.2 molecule changes its conformation 
to a hydrated, expanded form. On PIPAAm surfaces, however, 
only a small change in capacity factors of steroids are seen below 
the PIPAAm LCST. In the case of IBc copolymers, hydrophobic 
BMA components dispersed within the hydrated IPAAm se- 
quences enhance the hydrophobic interaction with hydrophobic 
substances even under the condition where IBc molecules on silica 
surfaces exist in hydrated and expanded conformations. This 
could result in increased capacity factors for IBc columns below 
-their-transition temperatures.-It may alsoJbe. plausible _thaLthe_ 
presence of hydrophobic BMA disturbs hydration of adjacent 
IPAAm units, resulting in increased hydrophobic interactions 
between the IBc stationary phase and hydrophobic steroids. 

Partition coefficients, F, for the substances in an octanol-water 
system are known to represent the relative order of hydrophobic- 
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Table 2. Effects of 
Steroids 



olumn Tempei 



and BMA Composition in I Be Copolyi 



steroids (log P value")) 



Capacity Factors, Ir* p for 



column 


column 


benzene 


hydrocortisone 


prednisolone 


dexamethasone 


hydrocortisone 


testosterone 


temp ( C) 


code 


(~ ) 


(1 C1\ 
\l.Ol) 










5 


IBc-0 


0.42 


0.75 


0.95 


1.17 


1.23 


2.81 




IBoO.6 


0.26 


0.64 


0.82 


0.96 


1.08 


2.45 




■« IBc-1.9 


0.63 


1.16 


1.54 


2.00 


2.12 


4.55 




IBc-3.2 


0.63 


1.75 


2.50 


3.48 


3.77 


7.81 




ODS* 


6.27 


12.6 


12.4 


18.7 


20.8 


44.4 


30 


IBc-0 


0.42 


0.75 


0.95 


1.17 


1.23 


2.81 




IBc-0.6 


0.54 


1.62 


2.17 


2.90 


3.81 


7.17 




IBc-1.9 


1.00 


2.75 


3.77 


5.60 


7.47 


13.6 




IBc-3.2 


1.63 


4.58 


6.28 


10.6 


16.1 


28.9 




ODS* 


5.18 


4.19 


4.10 


5.52 


6.30 


12.8 


50 


IBc-0 


1.11 


3.04 


4.02 


5.89 


8.42 


15.0 




IBc-0.6 


1.24 


3.48 


4.63 


7.02 


10.3 


18.5 




IBc-1.9 


1.58 


4.38 


5.82 


8.91 


13.1 


23.3 




IBc-3.2 


1.96 


5.55 


7.43 


12.2 


18.6 


33.8 



a log P values from ref 25. * ODS column (Hitachi gel 3056, 150 mm x 4.0 mm i.d.); eluent, 50% aqueous methanol. 




Temperature (°C) 

Figure 6. Changes in capacity factors for five steroids and benzene 
on IBc-3.2 -modified silica supports over a variety of column tem- 
peratures: (x), benzene; (a), hydrocortisone; (•), prednisolone; (▲), 
dexamethasone; (□), hydrocortisone acetate; (■), testosterone. 



ity. 25 The log P values for the steroids are shown in Table 2. The 
order of their separation on temperature-responsive polymer- 
modified columns depends on the hydrophobicities of the steroids, 
corresponding with the increasing order of the log P values. In 
other words, steroids with higher hydrophobicities show longer 
retention times on IBc-modified columns at a given temperature. 
The data shown indicate that the driving force for retention of 
steroids is the hydrophobic interactions between the solute 
molecules and polymer chains on the silica surface. 

Figure 7 shows the van't Hoff plots for steroids with a variety 
of hydrophobicity values on the IBc copolymer-modified columns. 
Generally, the plots should be linear for a normal chromatographic 
process on commercially ava^bleTeversed^has^olunms under 
conditions where the retention mechanism is constant On 
temperature-responsive copolymer-modified columns, however, 

(25) Hansch, C, Leo, A., Hoekman, D„ Eds* Exploring QSAR— Hydrophobic, 
Electronic, and Steric Constants; ACS Professional Reference Book; American 
Chemical Society; Washington, DC, 1995. 



the deviation from linearity was found between In k' values and 
reciprocal temperature (1/7). These discontinuities in the plots 
suggest phase transitions of surface-grafted IBc molecules. LCSTs 
of IBc copolymers shift to lower temperature as the mole fraction 
of BMA increases. This can be seen in Figure 2, which should 
reflect the phase transition of the copolymer on the surface. 
Interestingly, the slope of the van't Hoff plots on the copolymer 
column is negative, which is opposite to that on the normal 
chromatography system. As reported previously, 19 this can be 
explained by the increased interaction forces between steroids 
and hydrophobized stationary phases with temperature. 

Chromatographic characteristics of the copolymer-modified 
silica stationary phases were compared with those of commonly 
used (octadecyl) silica (ODS) stationary phase. An attempt was 
made to evaluate the k' values of the steroids on an ODS column 
(Hitachi gel 3056, 150 x 4.0 mm i.d.) using same conditions as 
that used for IBc copolymer-modified columns. None of these 
steroids was eluted from the column over a 2-h period with Milb-Q 
water as a mobile phase. To separate the same steroids on an 
ODS column, it was necessary to use organic solvents, such as 
methanol, and acetonitrile, mixed with an aqueous mobile phase 
to change the mobile phase polarity. In reversed phase HPLC 
using ODS columns, chromatographic separation selectivity is 
primarily controlled by changing the polarity of the mobile phase 
and not by the column temperature. The capacity factors of 
steroids on ODS columns decrease as the column temperature 
increases. The capacity factors of benzene and steroids used in 
this experiment are listed in Table 2. These values were evaluated 
on ODS column with 50% aqueous methanol as mobile phase at 
5 and 30 °C. Decreased k' values are apparent for ODS columns 
by changing the column temperature from 5 to 30 °C. In contrast, 
columns packed with IBc copolymer-modified silica showed 
increased k' values with temperature, indicating increased interac- 
tion between steroids and temperature-responsive stationary 
phases. 

As discussed in the previous section, our proposed tempera- 
ture-responsive chromatography can be used with an aqueous 
mobile phase without mixing any organic solvents. For protein 
separations and purification, this characteristic might be an 
advantage because denaturation of proteins using organic solvents 
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igure 7. The van't Hoff plots for steroids on copolymer-modified HPLC columns: (A) IBc-0.6, (B) IBc-1.9, and (C) IBc-3.2. The symbols in 
le figure are the same as in Figure 6. 
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: igure 8. Chromatograms of the mixture of insulin chain A, 
•'-endorphin fragment 1-27, and insulin chain B on the IBc-3.2- 
nodifted column using 0.5 M NaCI aqueous solution (pH 2.1) as a 
hobile" phase~at (A) 5 and (B) 30 °C. Peaks:~{1) insulin chain Ar(2)~ 
•'-endorphin fragment 1 —27, and (3) insulin chain B. 



o separate proteins is likely, resulting in decreased bioactivity of 
he separated proteins. To explore the possibility of temperature- 
esponsive chromatography in peptide separation, mixture solu- 



tions of three peptides were applied to IBc-3.2 columns with 
changing temperature. Figure 8 shows separation of the mixture 
of bovine insulin chain A, human /^endorphin fragment 1—27, and 
bovine insulin chain B on the IBc-3.2-modified silica column. 
Chromatograms were obtained using 0.5 M NaCI aqueous solution 
(pH 2.1) as a mobile phase. Three peptides, consisting of 21—30 
amino acid residues, were not separated at 5 °C (below the LCST 
of IBc-3.2). As the column temperature was raised to 30 °C, the 
three peptides were well-resolved. When we compared amino acid 
sequences for the three peptides, the number of relatively 
hydrophobic amino acid residues (leucine, isoleucine, phenylala- 
nine, tryptophan, tyrosine, valine) increased in the order of insulin 
chain A < ^-endorphin fragment 1—27 < insulin chain B, which 
corresponds directly to their respective retention times. As 
discussed above, hydrophobic interactions are a primary separat- 
ing force between solute and an IBc-modified surface. The 
hydrophobic nature of these peptides, therefore, has primarily 
influenced the retention behavior of these peptides. 

These results demonstrate that stationary phases prepared 
through conjugation of IPAAm copolymers onto silica are useful 
in high-performance liquid chromatography not only for steroids 
but also for peptide and protein separations. In such separations, 
retention on the supports is considered to occur through hydro- 
phobic interaction between protein and polymer chains. Other 
polypeptide and protein separations using temperature-responsive 
chromatography are currently in progress in our laboratory. 

CONCLUSIONS 

Hydrophobic BMA was incorporated into semitelechelic PI- 
PAAm through radical telomerization, and the resulting copoly- 
mers were used as modifiers of an (aminopropyl) silica stationary 
phase for temperature-responsive chroln^o^pfiyr'By Bering 
copolymer composition, we can control the LCST and thus the 
surface hydrophobicity of the stationary phases. Changes in the 
BMA content and corresponding hydrophilic-hydrophobic sur- 
face properties resulted in subsequent changes in elution time 
for substances using temperature-responsive chromatography. 
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With increasing BMA content in th^^wlymers, increased 
hydrophobic interaction between solutes^K the IBc copolymer- 
grafted surfaces of the stationary phases was observed even at 
temperatures below their LCST. We have succeeded in demon- 
strating reversed phase HPLC-like separation selectivity of many 
steroids by simply changing column temperature with pure water 
as a mobile phase. Temperature-responsive chromatography 
would be highly useful for peptide and protein as well as steroid 
separation. The described copolymer-modified stationary phase 
is able to separate solutes without the use of organic solvents. 
This has advantages in (1) maintaining biological activity for 
peptides and proteins, (2) environmental impact (reduced pollution 
by organic solvents), and (3) reducing reagent costs for a 
preparation of mobile phase. 
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Abstract 

Wide-pore glass chemically coated with a copolymer of N-isopropylacrylamide (NTPAA) and N-hydroxyethylacrylamide 
(70:30) was studied as a weak-hydrophobic sorbent for chromatography of proteins. The temperature dependence of the 
lysozyme chromatographic retention points to the maximum near a lower critical solution temperature of the copolymer 
(LCST, 41°C). Nevertheless, log k' vs. [(NH 4 ) 2 SOJ plots found for lysozyme at 25°C and 45°C are only slightly different 
and indicate almost zero free energies of interaction between the protein and the copolymer in 0.01 M potassium phosphate 
solution, pH 7.5. No temperature-modulated desorption of immunoglobulin G adsorbed to the copolymer-coated glass at 
45°C was observed when cooling the column to 30°C. Changes in protein interactions with the polymer grafts are apparently 
too weak to ensure an effective control of protein adsorption with temperature shift near LCST. © 1997 Elsevier Science 
B.V 

Keywords: Poly isopropyl aery lamide sorbents; Stationary phases; Phase transitions; Temperature effects; Proteins 



1. Introduction 

Poly (N-isopropylacrylamide) displays a lower 
critical solution temperature (LCST) within the 
range 32 to 34°C in water [1,2]. Cross-linked gels of 
copolymerized N-isopropylacrylamide (NIPAA) un- 
dergo a volume phase transition under the same 
conditions [3,4]. Thermoresponsive properties make 
these materials promising for preparation of tem- 
perature-modulated bioconjugates [5], biosorbents 
[6,7] and supports for cell cultivation [8,9]. Although 
many applications of NIPAA for the above purposes 
are known and many grafting techniques proposed, 
only a few studies of poly(NIPAA)-coated inorganic 
sorbents and their interaction with proteins have been 
carried out [7,10]. 



^Corresponding author 



Porous glass chemically modified with poly- 
( NIPAA) was studied as a support for gel permeation 
chromatography of dextrans. Their elution volumes 
strongly depended on temperature near 30°C, per- 
haps due to a change of effective porosity of the 
bonded phases [10]. Narrow-pore glass (pore diam- 
eter of 156 A) grafted with longer poly(NIPAA) 
molecules (Af r 3.4* 10 3 ) displayed a stronger effect on 
the elution behaviour of dextrans than wide-pore 
glass (408 A). Pressumably, transition of the end- 
grafted poly(NIPAA) chains from coils to globules 
might enhance the internal pore volume of the 
particles accessible to dextran penetration. 

Poly (NIPAA)-graf ted silica gel was prepared by 
coupling the NIPAA oligomer (n<14), bearing a 
primary amino group at the end of its chain, to the 
glutaraldehyde-activated carrier [7]. After reduction 
of-the-residual -aldehydes -to-alcohols-by-sodium 
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0' 0PhN0 2 0'"^NHC 2 H A 0H 
Fig. 1. Synthesis of isopropyl-PA-glass from the carrier chemically coaled with poIy(p-nitrophenyl aery late). 



borohydride, the prepared sorbent bound bovine 7- 
globulin in 0.067 M phosphate solution (pH 7) at 
37°C and 62% of the adsorbed protein was released 
into the same solution at 24°C, presumably due to 
the diminished hydrophobic interactions. Incomplete 
protein desorption was ascribed by the authors to its 
denaturation proceeding in contact with poly- 
(NIPAA) at 37°C. 

This paper describes preparation of porous glass 
chemically coated with NIPAA copolymer. The 
synthetic route includes chemisorption of poly(/?- 
nitrophenyl acrylate), PNPA, (a reaction studied by 
us previously [11]), followed by amidation of the 
reactive esters with isopropyl amine (see Fig. 1). The 
n-butyl group containing analogous sorbent, was 
prepared for comparison. Both the sorbents have a 
weak-hydrophobic character, partially investigated 
by us elsewhere [12]. The present study is aimed at 
registering changes in elution behaviour of standard 
proteins induced by thermal phase transition in the 
polymer coating of the stationary phase. It seems 
interesting to outline distinctions between the protein 
adsorption below and above LCST and thereby to 
better understand the mechanism of poIy(NIPAA) 
interaction with proteins. 



2. Experimental 

Wide-pore glass MPS-2000 VGKh (mean pore 
diameter 2000 A, particle size 0.16-031 mm) was 
purchased from GOZ VNII NP (N. Novgorod, 
Russia). Isopropylamine was from Riedel-de Haen, 
-Seelze r -Germany: — Ammonium- sulfate,— potass i urn- 
dihydrogen phosphate, potassium hydroxide and 
dimethylformamide (DMF), all analytical grade, 
were provided by Reakhim, Moscow, Russia; lyso- 



zyme and immunoglobulin G were from Serva, 
Heidelberg, Germany. 

Poly(/?-nitrophenyl acrylate), PNPA, Af w =46 200, 
M w /M n = 3A was synthesized by radical polymeri- 
zation of the monomer as described in Ref. [11]. 

Weak-hydrophobic sorbent coated with copolymer 
of NIPAA, isopropyl-PA-glass was prepared from the 
wide-pore glass chemically coated with PNPA 
(PNPA-glass) [11] as follows. 5 g of PNPA-glass (the 
ester group content of 184 u-mol/g or ca. 6 junol/ 
m ) was added to the solution of isopropylamine 
(260 u-1, 3-molar excess of amine) in 25 ml DMF. 
The reaction was allowed to proceed for 1 week at 
room temperature, then the second portion of iso- 
propylamine was added and the reaction mixture was 
incubated in a water bath at 80°C for 2 h. 70% of 
p-nitrophenyl esters were substituted by iso- 
propylamine as estimated by photometric assay of 
/7-mtrophenol (A max =400 nm, 6=15 300 M~ l 
cm '), the product of the reaction. The residual 
esters were amidated by adding ethanolamine ( 1 ml) 
during overnight incubation at room temperature. 
The prepared sorbent was washed by distilled water 
and stored as a wet cake at 8°C. The glass sorbent 
with N-butylpolyacrylamide coating was prepared as 
described in Ref. [12]. 

To prepare a water-soluble copolymer of N-iso- 
propylacrylamide, co( NIPAA), 30 mg of PNPA was 
dissolved in dimethylformamide (1 ml), then a 3- 
molar excess of isopropylamine (50 uJ) was added 
to the solution and left for overnight at room 
temperature. The second portion of isopropylamine 
(50 uJ) was then added and the reaction mixture 
incubated in water bath at 70°C for 2 h. 70% of 
p-nitrophenyl — groups — were — substituted — by -iso- 
propylamine, as estimated by photometric assay of 
p-nitrophenol (A max =400 nm, e=15 300 A/" 1 
cm" 1 ), the product of the reaction. The residual 
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esters were amidated by adding ethanolamine (250 
during overnight incubation at room temperature. 
The prepared copolymer was separated from low- 
molecular-mass compounds by gel-permeation chro- 
matography on a 44 X 1 .5 cm column packed with 
Bio-Gel P6 (Bio-Rad Labs., USA), equilibrated with 
10 mAf NH 4 HC0 3 , and then lyophilized. IR spec- 
trum of the copolymer was registered by a Shimadzu 
1R-435 apparatus (Japan). 

Hydrophobic-interaction chromatography was per- 
formed on 9X1 cm glass columns, equipped by 
thermostatted water jackets at a flow-rate of 0.5-0.7 
ml/min controlled by peristaltic pumping. A 1 mg 
sample of lysozyme in 0.5 ml of 0.01 M phosphate 
buffer (pH 7.5), containing varied concentrations of 
ammonium sulfate, was applied to the column and 
eluted with the same solution. LKB Uvicord II was 
used for detection of absorbing fractions (A = 280 
nm) during chromatography. 

Effect of temperature on chromatographic reten- 
tion of lysozyme on isopropyl-PA-glass and butyl- 
PA-glass was studied in 0.01 M phosphate buffer 
(pH 7.5), containing 1.5 M ammonium sulfate at 
temperatures from 7°C to 55°C, controlled by a Ul 
thermostat (VEB MLV, Germany). 

Dynamic light scattering by co(NIPAA) aqueous 
solutions (15 mg/ml) at various temperatures was 
registered by a laser light scattering analyser, regis- 
tration angle 90°, model N4SD, Coulter Electronics, 
USA. 



3. Results and discussion 

3.1. Characterization of the NIPAA copolymer 

Fig. 2 shows IR spectra of poly(p-nitrophenyl 
acrylate), PNPA and copolymer of N-iso- 
propylacrylamide, co(NIPAA), prepared by amida- 
tion of PNPA by N-isopropylamine. Strong absor- 
bance of p-nitrophenyl ester group carbonyl (1760 
cm" 1 ) presented in PNPA spectrum can not be found 
in the spectrum of co(NIPAA). Characteristic ab- 
sorbances of the nitrogroup (1340 and 1520 cm ) 
and aromatic ring (1480 and 1590 cm" 1 ) are also 
absent, the facts testify to complete substitution of 
the_reactive PNPA esters for N-substituted amides . 
The absorbances of the latter (1650 and 1550 cm" 1 , 




I , 1 ' ' ; : 

£,000 2000 1500 1000 0. cm 



Fig. 2. IR-spectra of polymers: (a) poly(p-nitrophenyl acrylate). 
PNPA; (b) copolymer of NIPAA prepared by amidation of PNPA 
with isopropylamine and ethanolamine. 

i.e., amide I and amide II, respectively) are both 
present in the co(NIPAA) spectrum. No absorbance 
is observed within the range 1700 to 1750 cm" , 
indicating no free carboxyl group in the copolymer. 
Therefore, co(NIPAA) contains only N-alkylamide 
functions, concretely, 70% of NIPAA units and 30% 
of N-hydroxyethylacrylamide units as estimated by 
the amount of liberated p-nitrophenol (see Section 

Fig. 3 shows the intensity of light scattering by 
aqueous solutions of co( NIPAA) as a function of 
temperature. The light scattering is rather slight at 
temperatures lower than 40°C and displays a steep 
increase at 41°C. The registered LCST is, therefore, 
higher than that of poly (NIPAA), known to fit a 
narrow range between 32 and 34°C [2] depending on 
a polymer chain length. The LCST increase may be 
ascribed to the presence of hydrophilic N-hydroxy- 
ethylacrylamide units in the co(NIPAA) chains. The 
similar effect was recently found for NIPAA and 
N,N-dimethylacrylamide copolymer [13], the latter 
monomer being more hydrophilic than NIPAA. 

Solubility of co( NIPAA) in water becomes poorer 
in the presence of ammonium sulfate. The copolymer 
cannot be dissolved in 1 Af ammonium sulfate, 
whereas its solutions in 03 M and 0.8 M ammonium 
sulfate are somewnat"cloudyrThey scatter light more 



78 



A.E. Ivanov et at. / J. Chromatogr. A 776 (1997) 75-80 



r: 




30 AO 50 

Tempe ra t ure, °C 

Fig. 3. Intensities of dynamic light scattering by 15 mg/ml 
solution of co(NIPAA) in water (1), 0.3 M (2) and 0.8 M (3) 
ammonium sulfate as a function of temperature. 

intensively even below 41°C (see curves 2 and 3 in 
Fig- 2), probably due to a partial association of 
co(NIPAA) caused by a salting-out effect. This may 
underlie the reason why the increase of light scatter- 
ing at 41°C is not so steep in the solutions of 
co(NIPAA), containing ammonium sulfate: the co- 
polymer is already involved in the other type of 
association. We did not notice, however, any shift of 
LCST to lower temperatures promoted by the high 
salt concentration, unlike reported for poly(NIPAA) 
by other researchers [2]. 

3.2. Chromatography of proteins 

Retention of proteins in hydrophobic-interaction 
chromatography usually increases with increasing 
temperature [14]. We have also found a linear 
dependence of elution volume of lysozyme on the 
temperature on butyl-PA-glass column (Fig. 4, line 
1). The dependence obtained for the same protein on 
isopropyl-PA-glass column is quite different, with 
the broad maximum nearby LCST (Fig. 4, line 2). 
As lysozyme is known to be stable in aqueous 
solution up to 70°C [14], one may ascribe the change 
in retention mechanism to a thermal transition of the 
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Fig. 4. Effect of temperature on chromatographic retention of 
lysozyme on isopropyl-PA-glass and butyl-PA-glass. For con- 
ditions see Section 2. 



coating copolymer within the bonded phase. The 
abnormal temperature dependence registered for 
lysozyme on isopropyl-PA-glass column prompted us 
to study the influence of salt concentration on 
retention of the protein below and above its LCST. 

A characteristic feature of hydrophobic-interaction 
chromatography is the possible isocratic elution of 
proteins with rather high retention factors k' . By 
increasing the salt concentration the retention factor 
increases so that the dependence of log k' on 
molarity often becomes linear. The limiting slope of 
this plot is given by the hydrophobic-interaction 
parameter (HIP) accounting for the interaction area 
between the protein and the sorbent, the surface 
tension increment of the salt and the dipole moment 
of the protein molecule [15]. For a given protein 
solute eluted at various concentrations of ammonium 
sulfate HIP is a measure of the contact area between 
the solute and the sorbent employed. The intercept of 
the log k' vs. M plots gives the logarithm of the 
retention factor of the solute in the absence of salt in 
the eluent, the parameter related to free energy of 
hydrophobic interaction between the sorbent and the 
solute. 

Chromatographic retention factor k' equals KiVJ 
V m ), where AT is a distribution coefficient of the 
solute between the solid and mobile phases, V m and 
_ are volumes of the mobile phase and thp "olid- _ 
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phase available for the solute in the column, respec- 
tively [16]. As AT is a function of the free energy of 
interaction: K = cxp(-&F/RT) [17], the logarithmic 
retention factor may be expressed as follows: 



log k\ = log e(~AF/RT) + log VJV m 



(1) 



Therefore, if a limiting value of log k\ related to 
the absence of salt in the eluent, and V s /V m are 
known, one may calculate AF and discover if the 
protein adsorption is thermodynamically favorable 
due to hydrophobic interactions or not. 

Although an accurate calculation of V ft is a some- 
what special problem, one may evaluate V s either 
from the maximal adsorption capacity of isopropyl- 
PA-glass (ca. 6 mg lysozyme/ml sorbent) or from 
the overall volume of the polymeric coating, its 
thickness is known to be about 5 nm as found by 
mercury porosimetry [11]. These two methods give 
V s values of 21 or 150 u,l/g dry sorbent, respectively, 
the former one seems to be more realistic. V s is about 

3 ml /g dry sorbent, so log VJV m 2.1. From Eq. 

(1) appears that log k f values above —2.1 corre- 
spond to adsorption of lysozyme to the sorbent 
(AF<0). 

Fig. 5 shows the log k' vs. M plots obtained for 
lysozyme chromatographed on isopropyl-PA-glass 
and butyl-PA-glass sorbents at different tempera- 
tures. The polymer coatings of both the sorbents are 
poorly swollen at 45°C and /or self-associated be- 
cause N-butylpolyacrylamide is insoluble in water, 
whereas co(NIPAA) is above its LCST. Thus, their 
contact areas with lysozyme are not much different, 
that of butyl-PA-glass being slightly larger, perhaps 
due to a larger volume of butyl radical. Furthermore, 
at high ammonium sulfate concentrations (above 0.8 
M) almost no difference is observed between the 
isopropyl-PA-glass adsorptivities displayed at 25 and 
45°C. This is due to an association of co(NIPAA) at 
25°C under these conditions (see Fig. 3, curve 3). 
The salted-out polymer might not spread its seg- 
ments far into solution and thereby change the 
contact area and the energy of interaction with the 
protein. 

The intercepts of log k' vs. M plots found for 
isopropyl-PA-glass are rather close to —2, that 
means nearly zero (or only slightly negative) free 
- energy "of" lysozyme-adsorption^in-the- absence- of- 
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Fig. 5. Logarithm of the retention factor (log k') of lysozyme 
plotted versus molar concentration of ammonium sulfate. Isocratic 
hydrophobic-interaction chromatography on isopropyl-PA-glass at 
45°C (1) and 25°C (2) and butyl-PA-glass at 45°C (3). For 
conditions see Section 2. 



ammonium sulfate. In other words, one may expect 
insufficient hydrophobic interaction of the protein 
with co(NIPAA) in 0.01 M potassium phosphate 
aqueous solution either at 25 or at 45°C. 

On the other hand, a small difference in lysozyme 
retention factors at 25 and 45°C is observed at lower 
ammonium sulphate concentrations (below 0.8 M ). 
The left upward branches of log k' vs. M dependen- 
cies were earlier registered at low salt concentrations 
for lysozyme chromatographed on polyethylene gly- 
col-coated silicas [15] and ascribed to electrostatic 
attraction of the positively charged protein to silica 
matrices. The swollen polymer reduce the interaction 
of the protein with inorganic support more effective- 
ly, thus making the elution volumes registered at 
25°C smaller. 

Temperature-induced desorption of immuno- 
-globulin G-(IgG) adsorbed-to -a~poly(NIPAA)=coated„ 
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silica was recently described [7]. We attempted to 
reproduce this effect with isopropyl-PA-glass. Under 
the conditions used in the above mentioned study 
(0.067 M phosphate buffer, pH 7.0 [7]), IgG could 
not be irreversibly adsorbed to isopropyl-PA-glass, 
but quantitively eluted as an asymmetrical peak 
nearby the total volume of the column, i.e., a weak 
reversible adsorption took place. The protein (1 mg) 
could be partially adsorbed to isopropyl-PA-glass 
from 0.01 M phosphate buffer (pH 7.5), containing 

0. 15 M NaCl and 1 M (NH 4 ) 2 S0 4 at 45°C. About 
50% of the protein was found in a breakthrough 
fraction. No further desorption. was observed when 
the column was cooled to 30°G and washed with the 
same solution. The adsorbed IgG fraction could be 
completely desorbed, however, by 0.01 M phosphate 
buffer (pH 7.5), containing 0.15 M NaCl at 30°C, 

1. e., in the common conditions of hydrophobic-inter- 
action chromatography. The discrepancy with the 
earlier results of other researchers [7] may arise from 
different structures of NIPAA polymeric coatings or 
different experimental conditions, such as use of a 
batch operation in the cited study. 

Thus, the above experiments provide the conclu- 
sion that adsorptions of lysozyme and immuno- 
globulin G to isopropyl-PA-glass are not strongly 
influenced by thermal phase transition of the grafted 
polymer. Temperature-modulated adsorption and de- 
sorption of proteins might be possible if an addition- 
al ligand, capable of a stronger specific binding, is 
incorporated into the sorbent together with ther- 
moresponsive polymer. Such a temperature-modu- 
lated sorbent was recently proposed for enzyme 
purification, the desorption step was effectively 
controlled by a slight shift of temperature [18]. The 
hydrophobic interactions of proteins with co(NIPAA) 
seem to be not enough strong and /or selective to 
control protein adsorption by changing a column 
temperature in the range of LCST. On the other 
hand, this study suggests a chromatographic method 



for evaluation the free energy of protein interaction 
with synthetic polymers, which is partially based on 
the known relationship between k! and AF [17], and 
may be helpful for characterization of new bioma- 
terials and biosorbents. 
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KANAZAWA HIDEKO 
YAMAMOTO KAZUO 
TAKAI SHINJI 
SAKURAI YASUHISA 
OKANO MITSUO 



(54) CHROMATOGRAPHY AND FILLER THEREFOR 

(57) Abstract: 

PURPOSE: To realize separation and recovery while 
sustaining the function of biological element in the mobile 
phase of single water system by employing a filler wherein 
the balance of hydro philicity and hydrophobicity on the 
surface of fixed phase can be varied depending on the 
temperature while fixing the mobile phase to the water 
system. 

CONSTITUTION: The filler being employed in the 
separation of solute, e.g. a biological element or a cell, 
includes a filler where the balance of hydro philicity and 
hydrophobicity on the surface of fixed phase can be 
varied by an external signal, e.g. temperature variation, 
while fixing the mobile phase to the water system, e.g. a 
filler where the surface of a carrier having amino group, 
carboxyl group, hydroxy group, etc., on the surface is 
chemically modified with polyalkyl acryl amide having an 
amino group at the end or a copolymer thereof. When 
such filler is employed, a biological element is adsobed to 
the hydrophobic surface upon reaching a critical 



temperature and it is separated or exfoliated as the 
temperature drops. Consequently, an organic solvent, a 
surfactant, etc., does not act as a dirt and the inventive 
method can be utilized in the separation, as well as 
analysis, while sustaining the function of protein or cell. 
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(54) STIMULUS RESPONDING TYPE SEPARATING 
MATERIAL AND SEPARATING AND REFINING 
METHOD 

(57) Abstract: 

PROBLEM TO BE SOLVED: To provide a separating 
material which has a high specificity to a target material 
and can easily recover the target material by forming a 
domain composed of stimulus responding high molecular 
chains and another domain having an affinity to the target 
material on the surface of a base material and a 
separating system. 

SOLUTION: A separating material has a domain 
composed of stimulus responding high molecular chains 
and another domain having an affinity to a target material 
on the surface of its base material. The stimulus 
responding type high molecule can be a graft copolymer, 
a alternating copolymer, or a random copolymer. It is 
preferable to select a suitable copolymer out of the 
copolymers by taking the nature of a target cell to be 
separated and the magnitude of the structural change of 
the copolymer caused by the stimulus response into 
consideration. The most suitable target material is a cell. 
When phase separation occurs on the surface of the 



base material, the capping phenomenon which is often 
observed when cells are adsorbed to the surface of a 
separating material is avoided and the cells are softly 
adsorbed to the surface, because ligands unevenly exist 
when viewed microscopically in accordance the phase 
separating structure. 
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(54) STIMULUS RESPONSE TYPE SEPARATING 
MATERIAL AND ITS PRODUCTION 

(57) Abstract: 

PURPOSE: To provide a stimulus response type 
separating material which has high specificness to target 
materials and is capable of easily recovering cells by 
providing the surface of this material with a region having 
affinity to the target materials and a region consisting of 
stimulus responsive high-polymer chains. 

CONSTITUTION: The surface of this stimulus response 
type separating material is provided with the region in 
which artificially designed molecule recognition element, 
such as control mechanisms of living bodies including 
reaction of antigen-antibody, enzyme-substrate and 
various kinds of physiological active materials and their 
receptors, etc., exist and has affinity with the target 
materials, such as protein, glycoprotein, nucleic acids, 
cells, artificial cells and high-polymer compds. The 
surface is also provided with the region consisting of the 
stimulus responsive high-polymer chains which are 



changed in the higher structure by heat, Hz, potential, 
light, etc., to the target materials and are swollen and 
shrunk in an aq. soln. As a result, the capping when the 
target cells are adsorbed in the material is suppressed 
and the cells which are less damaged in the functions 
and have high quality are recovered. 
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(54) NEW RESIN FOR SEPARATION AND ITS 
PREPARATION 

(57) Abstract: 

PURPOSE: To provide a resin for separation which 
shows a significant change in its separation properties 
according to temperature and enables separation even 
when such separation is difficult only with a separation 
agent, by changing temperature. 

CONSTITUTION: The subject preparation method of 
new resin for separation comprises preparing resin for 
separation and resin which consists of poly-N- 
isopropylacrylamide supported on a porous 
polymerization particle by impregnating an organic 
polymerization particle with a vinyl monomer containing 
25wt% to 100wt.% of crosslinkable polyvinyl monomer, a 



radical polymerization initiator and pore-generating 
solvent, then suspending the particle in a water medium 
and adding N-isopropylacrylamide and a water-soluble 
polymerization initiator to the suspension during ongoing 
polymerization reaction. 
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(54) FILLER FOR HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHY 

(57) Abstract: 

PURPOSE: To obtain a filler for reversed phase 
distribution chromatography for identifying the molecular 
profile without using the nonpolar aromaticity by a 
constitution wherein a copolymer, which can be 
represented by a chemical structural formula, is bonded 
to a silica gel through terminal X. 

CONSTITUTION: The filter for reverse phase distribution 
chromatography has no aromaticity and accomplishes 
separation by carrying the nonpolarity of high molecular 
orientation on a silica gel. Consequently, a reversed 
phase chromatography for identifying the molecular 
profile through the use of molecular orientation of 
nonpolar phase is obtained. Since the nonpolar phase 
being carried has no aromaticity, undesired ttk interaction 
with salute molecule does not take place. Furthermore, 



since the nonpolar phase to be carried is a copolymer 
having a functional group X at one end thereof coupled 
with the silica gel, flexibility is provided and the extent of 
molecular orientation varies with the temperature. The 
holding time of solute can be controlled according to the 
variation of molecular orientation and the temperature is 
regulated to shorten the time required for analysis. 
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